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FRHIILFLHQWLVDQGVRLVWKHSUHVVXUHGURS>@7KHRSWLPXPRSHUDWLQJVFRSHVRI5H\QROGVQXPEHUDQG3UDQGWOQXPEHU
ZHUHIRXQGFRQVLGHULQJWKHFRPSUHKHQVLYHSHUIRUPDQFHRIWZLVWHGWXEHKHDWH[FKDQJHU>@
+RZHYHUDVDUHODWLYHO\QHZGHYLFHWKHWZLVWHGWXEHKHDWH[FKDQJHUKDVQRWEHHQIXOO\VWXGLHGHVSHFLDOO\DERXW
WKHPHFKDQLFDOSURSHUWLHV8SWRQRZWKHUHLVQRLQGHSHQGHQWGHVLJQVWDQGDUGIRULQGXVWULDOGHVLJQRIWZLVWHGWXEH
KHDWH[FKDQJHUV6WULFWO\VSHDNLQJLWLVQRWDSSURSULDWHWRVLPSO\FRQVLGHUWKHWZLVWHGWXEHDVDQRUGLQDU\SODLQWXEH
LQWKHGHVLJQRIWZLVWHGWXEHKHDWH[FKDQJHUVFRQVLGHULQJWKHGLIIHUHQFHLQWKHD[LDOORDGFDUU\LQJDQGGLVSODFHPHQW
FRPSHQVDWLRQFDSDELOLWLHVEHWZHHQWKHVHWZRVKDSHVRIWXEHV>@
,Q WKLV SDSHU D[LDO VWLIIQHVV RI WZLVWHG WXEHV DUH DQDO\]HG QXPHULFDOO\ DQG H[SHULPHQWDOO\ (IIHFWV RI WKH
JHRPHWULFDOSDUDPHWHUVRQ WKHD[LDO VWLIIQHVV DUH LQYHVWLJDWHG$VWLIIQHVV UHGXFWLRQFRHIILFLHQWKf  IRU WKH WZLVWHG
WXEH ZLOO EH GHILQHG DQG IRUPXODWHG ZKLFK VKRXOG EH KHOSIXO IRU WKH UDWLRQDO GHVLJQ RI WKH WZLVWHG WXEH KHDW
H[FKDQJHUV
7XEHV7ZLVWHGWXEHJHRPHWU\DQGILQLWHHOHPHQWPRGHO
7ZLVWHGWXEHVZLWKREODWHFLUFOHFURVVVHFWLRQZHUHFKRVHQWREHDQDO\]HGLQWKLVSDSHU)LJDQG)LJVKRZWKH
JHRPHWULFDOIHDWXUHVRIWKHWZLVWHGWXEHLQFOXGLQJWKHWKLFNQHVVWWKHRXWHUPDMRUGLPHQVLRQRIWKHFURVVVHFWLRQ
$WKHRXWHUPLQRUGLPHQVLRQRIWKHFURVVVHFWLRQ%DQGWKHOHDG6)LQLWHHOHPHQWDQDO\VLVVRIWZDUH$16<6
ZDVHPSOR\HGWREXLOGWKHPRGHORIWKHWZLVWHGWXEHDVVKRZQLQ)LJ
6WLIIQHVVLVWKHDELOLW\RIDVWUXFWXUHWRUHVLVWGHIRUPDWLRQ:LWKLQWKHHODVWLFUDQJHGHIRUPDWLRQGLVSODFHPHQWRID
VWUXFWXUHLVSURSRUWLRQDOWRORDGFDUULHGE\WKHVWUXFWXUHDQGWKHVWLIIQHVVLVGHILQHGDVWKHUDWLRRIWKHORDGRYHUWKH
GHIRUPDWLRQGLVSODFHPHQW ,QVKHOODQGWXEHKHDWH[FKDQJHUV WKHD[LDO VWLIIQHVVRI WKH WXEHVSOD\VNH\UROH LQ WKH
GHVLJQRIWKHH[FKDQJHUV


)LJ&URVVVHFWLRQRIWKHWZLVWHGWXEH

)LJ*HRPHWU\RIWKHWZLVWHGWXEH
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
)LJ)LQLWHHOHPHQWPHVKPRGHORIWKHWZLVWHGWXEHLQRQHOHDG
)RUVLPXODWLQJWKHD[LDOVWLIIQHVVZLWKILQLWHHOHPHQWPHWKRGWKHWXEHZDVIL[HGRQRQHHQGDQGZDVVHWIUHHRQ
WKHRWKHUHQG$QD[LDOSUHVVXUH)ZDVDSSOLHGRQWKHIUHHHQGRIWKHWXEH
)RXUQRGHVWUXFWXUDOHOHPHQWVKHOOZDVDGRSWHGWRPHVKWKHPRGHO6KHOOLVVXLWDEOHIRUDQDO\]LQJWKLQWR
PRGHUDWHO\WKLFNVKHOOVWUXFWXUHVDQGLVZHOOVXLWHGIRUOLQHDUODUJHURWDWLRQDQGODUJHVWUDLQQRQOLQHDUDSSOLFDWLRQV
7KHUHIRUHLWFDQEHXVHGWRPHVKWKHPRGHORIWZLVWHGWXEHVZLWKVPDOOWKLFNQHVVGLDPHWHUUDWLR
7RFKHFNWKHPHVKVHQVLWLYLW\LH WKHHIIHFWRIWKHPHVKGHQVLW\RQWKHDFFXUDF\RIUHVXOWVFRPSDULVRQVRIWKH
DQDO\VLVUHVXOWVZHUHFDUULHGRXWDPRQJWKHILQLWHHOHPHQWPRGHOVZLWKGLIIHUHQWHOHPHQWVL]HV,WWXUQVRXWWKDWWKH
UHODWLYHHUURUEHWZHHQWKHUHVXOWVRIHOHPHQWVL]HPPDQGPPLVOHVVWKDQDQGWKHUHVXOWRIHOHPHQWVL]H
PPDJUHHVZHOOZLWKWKDWRIHOHPHQWVL]HPP7KXVWKHHOHPHQWVL]HZDVVHWWREHPPDVVKRZQLQ)LJ
IRUWKHPHVKPRGHORIWKHWZLVWHGWXEHLQRQHOHDG
5HVXOWVDQGGLVFXVVLRQV
3.1. Geometrical parametric analysis for axial stiffness 
7KUHHJURXSVRIWZLVWHGWXEHVDUHDQDO\]HGWRLQYHVWLJDWHWKHHIIHFWVRIWKHWKLFNQHVVWZLVWUDWLRRt =A/BDQG
OHDGRQWKHD[LDOVWLIIQHVVUHVSHFWLYHO\,QWKHDQDO\VLVWKHOHQJWKRIDOOWKHWZLVWHGWXEHVLVVHWWREHPP2WKHU
JHRPHWULFDOSDUDPHWHUVRIWKHWXEHVDUHOLVWHGLQ7DEOHVUHVSHFWLYHO\UHSUHVHQWLQJWKHYDULDWLRQVRIWKHWKLFNQHVV
WWZLVWUDWLR5DQGOHDG6
)RUDSODLQWXEHWKHD[LDOVWLIIQHVVKpLVGHILQHGDV
  
6LPLODUO\WKHD[LDOVWLIIQHVVRIDWZLVWHGWXEHKtFRXOGEHGHILQHGDV
  
)RU D JLYHQ ORDG WKH GHIRUPDWLRQǻLtRI WKH WZLVWHG WXEHXQGHU D[LDO ORDGLQJZDVJLYHQE\ WKH ILQLWH HOHPHQW
DQDO\VLV+HQFHKt DUHFDOFXODWHG
,WWXUQVRXWE\SHUIRUPLQJFDOFXODWLRQVZLWKWKHVWUXFWXUDOSDUDPHWHUVOLVWHGLQ7DEOHWKDWWKHD[LDOVWLIIQHVVRID
WZLVWHGWXEHLVSURSRUWLRQDOWRWKHWKLFNQHVVRIWKHWXEH
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7KHWZLVWUDWLRRtVWDQGVIRUWKHGHJUHHDEDVHWXEHKDVEHHQFUXVKHGLQPDQXIDFWXULQJ7KHELJJHUWKHWZLVWUDWLR
LVWKHIODWWHUWKHFURVVVHFWLRQZLOOEH&DOFXODWLRQVZLWKWKHWZLVWHGWXEHVLQ7DEOHILQGWKDWWKHD[LDOVWLIIQHVVKt 
GHFUHDVHVZLWKLQFUHDVLQJWKHWZLVWUDWLRDVVKRZQLQ)LJ7KLVUHVXOWLPSOLHVWKDWLQFUHDVHRIWKHWZLVWHGUDWLRZLOO
UHGXFHWKHORDGFDUU\LQJDELOLW\RIWKHWXEHEXWPD\HQKDQFHLWVD[LDOGHIRUPDWLRQFRPSHQVDWLRQFDSDFLW\
7KHOHDG6RIDWZLVWHGWXEHUHIOHFWVWKHH[WHQWRIWKHD[LDOGLVWRUWLRQ)LQLWHHOHPHQWDQDO\VLVRQWZLVWHGWXEHVLQ
7DEOHLQGLFDWHVWKHD[LDOVWLIIQHVV.WLQFUHDVHVZLWKLQFUHDVLQJWKHOHDGDVVKRZQLQ)LJHVSHFLDOO\ZKHQWKHOHDG
LV VPDOO0HDQZKLOH WKH WKUHH VHWV RI GDWD LQ )LJ VXJJHVW WKDW RQFH DJDLQZKHQ WKH OHDGV DUH VDPH WKH D[LDO
VWLIIQHVVRIWZLVWHGWXEHVLQFUHDVHVZLWKGHFUHDVLQJWZLVWHGUDWLR
7DEOH*HRPHWULFDOSDUDPHWHUVZLWKWKHYDULDWLRQVRIWKHWKLFNQHVVW
1R APP B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 t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3.2. The stiffness reduction coefficient for the twisted tube 
)RU WKH FRQYHQLHQFH RI FDOFXODWLQJ WKH VWLIIQHVV RI WZLVWHG WXEHV D VRFDOOHG VWLIIQHVV UHGXFWLRQ FRHIILFLHQW LV
GHILQHGEDVHGRQWKHVWLIIQHVVRISODLQWXEHVDVIROORZV
  
KfUHIOHFWVWKHGHJUHHLQZKLFKWKHWXEHVWLIIQHVVKDVEHHQZHDNHQHGGXULQJPDQXIDFWXULQJ
Kf FDQ EH HYDOXDWHG IURP WKH ILQLWH HOHPHQW DQDO\VLV UHVXOWV SUHVHQWHG LQ WKH SUHYLRXV VHFWLRQ %DVHG RQ WKH
LQIOXHQFHVRIWKHWXEHSDUDPHWULFIDFWRUVRQ.IWKHUHJUHVVLRQIRUPXODRIKfLVWDNHQDVEHORZ
ܭ௙ ൌ ܽ ൅ ܾଵݐ ൅ ܾଶܵ ൅ ܾଷܴ௧ ൅ ܾସݐܵ ൅ ܾହݐܴ௧ ൅ ܾ଺ܴܵ௧ ൅ ܾ଻ݐܴܵ௧ 
,IOHW
 ൌ ଵǡ  ൌ ଶǡ ୲ ൌ ଷǡ  ൌ ସǡ ୲ ൌ ହǡ ୲ ൌ ଺ǡ ୲ ൌ ଻

H[SUHVVLRQFDQEHUHZULWWHQDV
ܭ௙ ൌ ܾ଴ ൅ ܾଵ ଵܺ ൅ ܾଶܺଶ ൅ ܾଷܺଷ ൅ ܾସܺସ ൅ ܾହܺହ ൅ ܾ଺ܺ଺ ൅ ܾ଻ܺ଻ 
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+HUHELVUHJUHVVLRQFRQVWDQWDQGENN «DUHUHJUHVVLRQFRHIILFLHQWV
0XOWLSOHOLQHDUUHJUHVVLRQWHFKQLTXHZLWKWKHVWDWLVWLFDODQDO\VLVVRIWZDUH6366ZDVHPSOR\HGDQGWKHVWHSZLVH
PHWKRGZDVDSSOLHGIRUJHWWLQJULGRIWKHLQGHSHQGHQWYDULDEOHZKLFKKDVOLWWOHFRUUHODWLRQWRWKHGHSHQGHQWYDULDEOH
:KHQWKHXQLWVIRUWDQG6DUHPWKHUHJUHVVLRQH[SUHVVLRQRIKf LVILQDOO\REWDLQHGDV 
ܭ௙ ൌ ͳǤͺͷʹ െ ͲǤͺ͵͸ܴ௧ െ ͸ͺʹǤ͵ݐܵ െ ͲǤʹͲ͸ܴܵ௧ ൅ ͺͳͺǤͻݐܴܵ௧ 
7KH DSSOLFDWLRQ VFRSHV RI (T  DUH İ tİ2.5PP İSİ430mm,İRtİ2.5 7KH FRUUHODWLRQ
FRHIILFLHQWRRIWKHUHJUHVVLRQLVDQGWKHDGMXVWHGRVTXDUHLV
,QRUGHU WRVHHWKHDFFXUDF\RI(T)LJV)LJUHVSHFWLYHO\VKRZWKHLQIOXHQFHVRI WKHWKLFNQHVV W WZLVW
UDWLRRtDQGOHDGSRQWKHVWLIIQHVVUHGXFWLRQFRHIILFLHQW.IEDVHGRQQXPHULFDOFDOFXODWLRQVDQG(T2EYLRXVO\
DOORIWKHPVKRZWKDWWKHILWWLQJUHVXOWVZHOODJUHHZLWKWKHILQLWHHOHPHQWDQDO\VLVUHVXOWVRI Kf
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)LJ,QIOXHQFHRIWKLFNQHVVWRQVWLIIQHVVUHGXFWLRQFRHIILFLHQWKf
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)LJ,QIOXHQFHRIWZLVWUDWLR5WRQVWLIIQHVVUHGXFWLRQFRHIILFLHQWKf
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PP 
)LJ,QIOXHQFHRIOHDG6RQVWLIIQHVVUHGXFWLRQFRHIILFLHQWKf
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)LJXUHVFOHDUO\LQGLFDWHWKDWWKHODUJHUWKHWZLVWUDWLR5WLVWKHPRUHWKHWZLVWHGWXEHLVZHDNHQHGDQGKHQFH
WKHVPDOOHUWKHYDOXHRI.ILV+RZHYHUWKHHIIHFWVRIWKHOHDG6DQGWKLFNQHVVWRQKf DUHRSSRVLWHWRWKHWZLVWUDWLR
3.3. Tensile tests of twisted tubes 
7RYHULI\WKHQXPHULFDOVLPXODWLRQDQGWKHILWWLQJUHVXOWVRI.IJLYHQE\(TWHQVLOHWHVWVRIWZLVWHGWXEHVDQG
SODLQ WXEHVZHUHSHUIRUPHGRQDPLFURFRPSXWHUFRQWUROHOHFWURQLFXQLYHUVDO WHVWLQJPDFKLQH PRGHO&07
(OHFWURQLF H[WHQVRPHWHU ZDV HPSOR\HG IRU PHDVXULQJ WKH GHIRUPDWLRQ RI WXEHV 7KH JDXJH OHQJWK RI WKH
H[WHQVRPHWHULVPP'LPHQVLRQVRIWKHWXEHVDUHOLVWHGLQ7DEOH%RWKWKHWZLVWHGWXEHDQGWKHSODLQWXEHZHUH
IDEULFDWHGIURPVWDLQOHVVVWHHO&U1L7LLQ&KLQHVHVWDQGDUG7KHWHVWHGWXEHVDUHVKRZQLQ)LJ
%DVHGRQ(T  DQG(T  WKH D[LDO VWLIIQHVVRI WXEHV FDQEHREWDLQHGE\ WKH ORDGGLVSODFHPHQW FXUYHVRI
WHQVLOHWHVWVLQWKHJDXJHOHQJWK7KHPD[LPXPWHQVLOHORDGVDUHFRQWUROOHGWRNHHSWKHGHIRUPDWLRQLQDQHODVWLFVWDWH
$IWHUHYDOXDWLQJWKHD[LDOVWLIIQHVVRIWZLVWHGWXEHVDQGSODLQWXEHVUHVSHFWLYHO\WKHVWLIIQHVVUHGXFWLRQFRHIILFLHQW
FDQEHFDOFXODWHGIURPLWVGHILQLWLRQ(T
7DEOH'LPHQVLRQVRIWXEHVIRUWHQVLOHWHVWV
7ZLVWHGWXEH 3ODLQWXEH
$
PP
%
PP
TR  S 
PP
t
PP
GR
PP
W
PP
      



)LJ7XEHVDPSOHVIRUWHQVLOHWHVWV1RWHWKHRXWVLGHGLDPHWHURIWKHVWUDLJKWWXEHLQ)LJLVPP
      






'OPP
)
1

SODLQWXEH
WZLVWHGWXEH

)LJ)RUFHGHIRUPDWLRQFXUYHVREWDLQHGIURPWKHWHQVLOHWHVWV
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)LJXUH  VKRZV WKH IRUFHGHIRUPDWLRQ FXUYHV IRU WKH WXEHV IURP WKH WHQVLOH WHVWLQJ 7KH VWLIIQHVV UHGXFWLRQ
FRHIILFLHQWFDQEHFDOFXODWHGIURPWKHVORSHRIWKHOLQHVLQ)LJDQGWKHUHVXOWWXUQVRXWWREH0HDQZKLOH
WKHILWWLQJUHVXOWRI.IIURP(TIRUWKLVWZLVWHGWXEHLVTXLWHFORVHWRWKHWHVWUHVXOWZLWKWKHHUURUZLWKLQ
7KHUHIRUHLWLVUHDFKHGWKDWWKHDERYHQXPHULFDOVLPXODWLRQDQGUHJUHVVLRQRIWKHVWLIIQHVVUHGXFWLRQFRHIILFLHQW
DUHUHOLDEOHDQGDFFXUDWHLQHQJLQHHULQJ
3.4. Discussions  
:LWK WKH (T  RI WKH VWLIIQHVV UHGXFWLRQ FRHIILFLHQW Kf, WKH WZLVWHG WXEH KHDW H[FKDQJHUV FRXOG EH PRUH
DFFXUDWHO\ GHVLJQHG HVSHFLDOO\ IRU WKH WXEHVKHHW ZKRVH WKLFNQHVV LV VWURQJO\ UHODWHG WR WKH VWLIIQHVV RI WXEHV
&RQVLGHULQJ WKH VWLIIQHVV UHGXFWLRQ RI WKH WZLVWHG WXEHVPD\ HYHQ FKDQJH WKH VWUXFWXUH RI KHDW H[FKDQJHUV )RU
H[DPSOHIRUWKHIL[HGWXEHVKHHWKHDWH[FKDQJHUVDSSOLFDWLRQRIWKHWZLVWHGWXEHVZLWKDOHVVVWLIIQHVVPD\GHFUHDVH
WKHWKHUPDOVWUHVVHQRXJKVRWKDWWKHH[SDQVLRQMRLQWQHHGHGIRUSODLQWXEHVFDQEHHOLPLQDWHG$VIRUWKHVSHFLILF
GHVLJQRIWKHWZLVWHGWXEHKHDWH[FKDQJHUVRQHDSSURDFKFRXOGEHWKDWWKHWZLVWHGWXEHVDUHHTXDOL]HGWREHWKHSODLQ
WXEHVEXWZLWKGLIIHUHQW<RXQJ¶VPRGXOXVZKLFKDUHGHULYHGIURPWKHVWLIIQHVVUHGXFWLRQFRHIILFLHQWKf,QIDFWLWLV
HDV\WRILQGIURP(TVDQGWKDWIRUWKHVDPHOHQJWKDQGFURVVDUHDWKHUDWLRRID[LDOVWLIIQHVVRIDWZLVWWXEHWR
DSODLQWXEHLVWKHUDWLRRIWKHLU<RXQJ¶VPRGXOXVLHKf  Ke/ Kp0RUHVWXGLHVDUHQHHGHGIRUWKHVSHFLILFGHVLJQ
RIWKHWZLVWHGWXEHKHDWH[FKDQJHUV
&RQFOXVLRQV
7KHPDLQFRQFOXVLRQVDERXWWKHD[LDOVWLIIQHVVRIWZLVWHGWXEHVLQWKLVVWXG\DUHGUDZQDVIROORZV
1XPHULFDO UHVXOWV VKRZ WKDW WKHD[LDO VWLIIQHVVRI WZLVWHG WXEHVGHFUHDVHVZLWK LQFUHDVLQJ WKH WZLVW UDWLRRU
GHFUHDVLQJWKHOHDG
$VRFDOOHGVWLIIQHVVUHGXFWLRQFRHIILFLHQWIRUWKHWZLVWHGWXEHLVJLYHQEDVHGRQWKHSODLQWXEH
7KHDFFXUDF\RIWKHSURSRVHGIRUPXODRIVWLIIQHVVUHGXFWLRQFRHIILFLHQW.ILVYHULILHGE\WKHWHQVLOHWHVWV
 :LWK WKH VWLIIQHVV UHGXFWLRQ FRHIILFLHQW .I WKH WZLVWHG WXEH KHDW H[FKDQJHUV FRXOG EH PRUH DFFXUDWHO\
GHVLJQHG2QH DSSURDFK FRXOG EH WKH HTXLYDOHQW<RXQJ¶VPRGXOXV WHFKQLTXHZKLFK HTXDOL]HV D WZLVW WXEH LQWR D
SODLQWXEH
$FNQRZOHGJHPHQWV
7KLVZRUNLVVXSSRUWHGE\1DWLRQDO6FLHQFHDQG7HFKQRORJ\6XSSRUW3URJUDP*UDQW1R%$+)
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